In this paper, modified non-dominated sorting genetic algorithm-II (MNSGA-II)-based optimal damping control of unified power flow controller (UPFC) has been designed to enhance the damping of low frequency oscillations in power systems. The robust damping of UPFC controller design is formulated as a multi-objective optimisation problem, thereby minimising the integral squared error (ISE) of speed deviation and input control signal (u) under a wide range of operating conditions. The effectiveness of the proposed controller is confirmed through nonlinear time domain simulation and Eigen value analysis. The results are compared with NSGA-II and conventional method. Simulation result reveals that the obtained Pareto-front using MNSGA-II-based UPFC controllers are better and uniformly distributed due to the controlled elitism and dynamic crowding distance concepts. The proposed modulation index of shunt inverter (m E )-based damping controller is superior to the other damping controllers under different loading conditions and improves the stability of system.
Introduction
Modern power system consists of large interconnected nonlinear system with lots of lightly damped electromechanical modes of oscillation. These oscillations take the range of 0.2 to 2 Hz and it constrains the capability of power transmission and power system security and harms the efficient operation of the power system (Kothari and Nagrath, 2014; Mohan Mathur and Varma, 2002) . Power system stabiliser (PSS) has been developed to reduce these low frequency oscillations in power systems (Abido et al., 2007) . Latest development in power electronics, initiates the implementation of flexible AC transmission systems (FACTS) in power systems. FACTS controller provides better damping and also improves system voltage profile as compared with PSS (Keri et al., 1999) .
The unified power flow controller (UPFC) of the FACTS family is able to manage real and reactive power flow in transmission line and improve the transient and voltage stability (Gyugyi, 1992) . Kundur et al. (2004) clearly discussed the stability analysis of the power system. Many literatures have been reported to study the steady-state and transient stability of a power system using UPFC damping controller with linearised Phillips-Heffron model (Nabavi-Niaki and Iravani, 1996l Wang, 1999a , 1999b Vilathgamuwa et al., 2000) . Huang et al. (2000) developed a conventional fixed parameter lead-lag controller for a power system installed with UPFC to damp inter-area oscillations. The control parameter of UPFC (m B , m E , δ B and δ E ) are adjusted for achieving desired damping of system Kothari and Tambey, 2003) .
Evolutionary algorithms are utilised for optimal tuning of UPFC damping controller by considering it as a single objective optimisation problem with speed deviation as objective function (Pandey and Singh, 2009; Panda and Padhy, 2008; Shayeghi et al., 2009 ). Khadanga and Satapathy (2015) applied hybrid GA-GSA algorithm for UPFC damping controller tuning by considering integral time absolute error of speed deviation as objective. Evolutionary multi-objective optimisation algorithms named non-dominated sorting genetic algorithm-II (NSGA-II) (Deb, 2001; Deb et al., 2002 ) (EMOAs) proposed by Deb et al. is extensively used to solve various multi-objective engineering optimisation problems (Panda, 2010 (Panda, , 2011 Kalaivani et al., 2013; Rajkumar et al., 2014) . Modified non-dominated sorting genetic algorithm-II (MNSGA-II) which incorporates the control elitism and dynamic crowding distance (DCD) features to ensure better convergence and diversity (Jeyadevi et al., 2011) , is also widely used to optimise engineering problems (Narayanan et al., 2012; Rajkumar et al., 2013) . In this proposed work, multi-objective algorithms are used for optimal tuning of UPFC damping controller parameters to improve the damping performance of SMIB system under different loading conditions. This problem is considered as multi-objective with two conflicting objective functions and the fuzzy system is used to obtain the best compromised solution. The stability of the system is analysed using Eigen values and the superiority of the proposed algorithm considered for the proposed work is also investigated by statistical analysis. The remaining part of the paper is organised as follows: Section 2 consisting of SMIB power system equipped with UPFC is explained. Section 3 consist description of power system dynamic model with UPFC. In Section 4, the problem formation is explained in detail. In Section 5, an overview of MNSGA-II algorithm is described in detail. The simulation results and conclusions are given in Sections 6 and 7 respectively.
Single machine infinite bus (SMIB) system with UPFC
A SMIB system with UPFC controller is taken as in Figure 1 . The static excitation system model type IEEE-ST1A has been considered in this work. The synchronous generator is delivering power to the infinite bus system and a UPFC [ . The control signals of the UPFC are the modulation index and phase angle of shunt and series inverter respectively (m B , m E , δ B and δ E ). 
Power system dynamic model with UPFC
The non-linear dynamic form of the power system with UPFC is given by the following equations,
where, 
The non-linear dynamic model is linearised by an operating condition. The linearised model of power system is shown in Figure 1 . SMIB system parameters are given in Appendix 1.
Excitation system modelling
Simple IEEE-ST1A excitation system considered is shown in Figure 2 . The inputs of the excitation system are terminal voltage V T and reference voltage V R . K A and T A which are the gain and time constants of the excitation system. The state-space form of the system is given by, do dp
Problem formulation
The purpose of damping controllers is to generate an electrical torque in time with the speed deviation by modulating the control parameters of UPFC. The input and output of the damping controller is the change in speed Δω and control input ∆u respectively. The UPFC-based damping controller is shown in Figure 4 . The steady changes in the speed are avoided by using signal washout filter. The time constant T w is chosen as 10s . In the proposed work, the UPFC damping controller variables are tuned by using multi-objective evolutionary algorithm. The conflicting objectives considered for optimisation are minimisation of integral squared error (ISE) of speed deviation F 1 and input control signal F 2 (Panda, 2010) . The multi-objective problem is formulated as,
( 1 9 ) where,
Subjected to the constraints as follows,
( 2 4 ) e 1 is the speed deviation (Δω) and e 2 is the control input.
Modified NSGA-II (MNSGA-II)
Lacking of NSGA-II in lateral diversity is one of the major shortcomings which guides towards false Pareto-front. The important properties involved in MNSGA II algorithm are controlled elitism and DCD. Controlled elitism prevents the number of individuals in the current best non-dominated front. It maintains number of individuals in each front distributed in a predefined manner. DCD is mainly used to maintain horizontal diversity and, it removes one individual with smaller DCD value at every time and recalculates DCD for the remaining individuals (Luo et al., 2008) . The individuals DCDs are calculated using the following equation (25):
where CD i and V cdi are calculated by using the following equations (26), (27) 
where r is the number of objectives.
V cdi can give information about the difference variations of CD in different objectives. Modified measure is called minimal spacing which reflects the uniformity of the distribution of the solutions over the non-dominated front (Bandyopadhyay et al., 2004) . This diversity measure can be calculated for solution. Horizontal diversity of obtained Pareto-front is better because of the lower value of mean minimal spacing. The performance of MNSGA-II algorithm improves the diversity and uniformity of the obtained non-dominated solutions. It is mostly due to the incorporation of controlled elitism and DCD operators in NSGA-II. The suggested algorithm utilises simulated binary crossover and polynomial mutation operators.
MNSGA II algorithm
The computational flow of MNSGA II algorithm is explained as follows,
Step 1 Initialise population size Np, crossover and mutation probability, crossover and mutation index, maximum number of generations and control variable limits.
Step 2 Randomly generate initial population P 0 within search bounds. Set the generation count g = 0.
Step 3 For every individual in the population P g , calculate the objective function and violations in constraint.
Step 4 Form offspring population O g + 1 from P g + 1 via crowded tournament selection, SBX crossover and polynomial mutation operators.
Step 5 Carry out non-dominated sorting to combined population R g and identify different Pareto fronts.
1, 2, 3, PFi etc = …
Step 6 Controlled elitism, restricts the number of individuals in the current best nondominated fronts adaptively and maintains a predefined distribution of number of individuals in each front.
Step 7 By using DCD strategy remove M-N individuals from non-dominated set, if M > N, else go to step 4
where M = size of non-dominated set N Population size =
Step 8 If maximum generation count is reached, then stops the process, else the generation count gets increased (g = g + 1) and go to step 3.
Best compromise solution
Pareto-fronts have set of non-dominated solution, in order to select the best compromise solution (F comp ) from the set of solutions; fuzzy decision maker is used. The membership function is defined as (Deb, 2001) , 
Where n, m is the number of objective functions and the number of solutions respectively. The best compromise solution is the maximum value in µ i .
Results and discussions
The key aim of this work is to determine optimal parameters for the UPFC-based damping controllers by minimising ISE of speed deviation and control signal. The performance evaluation of the proposed Multi-objective UPFC-based damping controller for SMIB system at different loading conditions is carried out. For the purpose of comparison, the performance of conventional lead lag-based compensator and NSGA-II-based controller are also reported. The simulations are carried out using MATLAB 9.0 on Intel dual core processor, 2.93GHz, 1.96 GB RAM. The population size is set at 200 and the maximum number of function evaluations is set at 20,000.The parameter setting of NSGA-II and MNSGA-II algorithms are given in Table 1 . The objective function values are more or less similar in both algorithms. But, minimal spacing obtained for the Pareto-front using MNSGA-II is better than NSGA-II. The lesser value of standard deviation of minimal spacing indicates the better and consistent convergence rate of the obtained Pareto-front using the proposed MNSGA-II algorithm than that of NSGA-II algorithm. The robust performance of MNSGA-II is visualised with the help of obtained Pareto-fronts in Figure 5 and statistical analysis reported in Table 8 . Table 1 Parameter setting of NSGA-II and MNSGA-II To evaluate the robust performance of the UPFC damping controllers, it is essential to analyse the performance of controllers over a large range of loading conditions. The different loading conditions considered are shown in Table 2 . It is clear that the lateral diversity is improved with the help of controlled elitism; hence the MNSGA-II algorithm escapes from converging to local Pareto-front. The lesser value of mean minimal spacing of the obtained Pareto-front indicates that horizontal diversity of obtained Pareto-front is found to be improved and robust due to the incorporation of dynamics crowding distance in the MNSGA-II algorithm. The performance of UPFC damping controllers are evaluated at nominal, light and heavy loading conditions, are tabulated in Table 3 to Table 8 . 
Nominal loading condition
Under nominal loading condition, the performance of the different damping controllers are evaluated by applying the mechanical disturbances (Pm = 0.01 and 0.1 p.u). The optimal values of gain K dc , time constants T 1 , T 2 obtained by NSGA II and MNSGA II algorithms for different controllers are shown in Table 3 . The compromised objective function values obtained for m E damping controller is minimum as compared with other controllers. Figures 6(a) -(c) shows the changes in speed deviation, input control signal and electrical power deviation obtained for SMIB system with UPFC controller for 1% change in mechanical input, confirms that m E damping controller provides better performance with minimum control energy for both algorithm as compared with other controllers and conventional method. Rotor angle deviation is the important parameter for the analysis of small signal stability. Figure 6 (d) shows the change in rotor angle for different controllers. From the response it is evident that the proposed controller improves the small signal stability of the power system. The optimal UPFC damping controller parameters shown in Table 4 is obtained by applying the mechanical disturbance (Pm = 0.1 p.u) under nominal loading condition for different controllers. It is inferred that m E controller using MNSGA II quickly damp out the electromechanical oscillations with lesser ISE value compared to other controllers. 
Heavy loading condition
The performance of damping controller is analysed for heavy loading condition by applying different mechanical disturbances. Optimal controller parameters of UPFC and ISE values of objective functions obtained for 1% change in mechanical input is reported in Table 5 . It is inferred that proposed controller rapidly damp out the oscillations with smaller ISE value compared to other controllers. Figure 7 showing the dynamic responses obtained for heavy loading condition, proves that MNSGA-II-based m E controller provides robust damping performance with minimum settling time and peak overshoot.
Light loading condition
The optimal parameters and objective function values obtained for light loading condition (Pm = 0.01 p.u) using NSGA-II and MNSGA-II are discussed in Table 6 . It reveals that MNSGA-II-based m E controller provides least compromised solution compared to other controllers. Figure 8 shows the dynamic responses of UPFC controllers. It is clear from the responses that proposed controller damp out electromechanical oscillations quickly with minimum control energy. The change in rotor angle curve indicates that the proposed controller improves the dynamic stability of the system. .931e-7 8.9946e-7 9.6595e-7 8.7058e-7 9.3551e-7 8.8812e-7 F 2 7.7856e-5 6.909e-5 2.6008e-3 3.169e-3 5.7848e-4 5.260e-4 
Eigen value analysis
The Eigen values of the system with UPFC damping controllers for different loading conditions are obtained. The Eigen values of nominal loading condition are reported in Table 7 . The system Eigen values are in the left half of the s-plane which assures the stability of the system. The parameters of the system with proposed MNSGA-based m E damping controller shifts to the left by a significant value in the s-plane indicating that the proposed UPFC controller provides better dynamic stability to the power systems. The large negative real and complex Eigen values confirm the system is in fast decaying damped oscillatory mode.
Conclusions
In this work, MNSGA-II-based optimal UPFC damping controller is presented by minimising the ISE of the error signal (speed deviation) and input control signal (u) for different loading conditions. In order to evaluate robust damping performance of MNSGA-II-based UPFC controller, the system is subjected to different disturbances and different loading conditions. The dynamic responses obtained shows that the proposed MNSGA-based UPFC damping controller m E quickly damp out the low frequency oscillations as compared to other controllers consistently. In order to evaluate the performance of algorithm the statistical performance are evaluated and reported. Simulation results reveal that the obtained Pareto-front using MNSGA-II algorithm is better and uniformly distributed due to the controlled elitism and DCD concepts. The Eigen value analysis reveals that the proposed controller enhances the dynamic stability of the power systems greatly. Moreover, the system performance analysis under a wide range of operating conditions shows that the proposed MNSGA-II-based m E damping controller is superior to the other damping controllers. 
